A206  940 


T 

h 


'  -‘t 


\ 

O 

< 


CFPICE  OF  NAVAL  RESEARCH 
GRANT  N00014-89-J-1178 
R&T  Code  413q001-01 

TECHNICAL  REPOiO'  NO.  24 

An  In-Situ  Ellipscroetric  Stvu^ 
of 

Aqueous  NH^CH  Treatment  of  Silicon 
by 

G.  Gould  and  E.A.  Irene 


Prepared  for  Publication 
in  the 

The  Journal  of  Electrochemical  Society 


University  of  North  Carolina 
Department  of  Chemistry 
Chapel  Hill,  NC 


DTIC 


!^LECTE 
MAR  3  0 198^ 


Reproduction  in  vAiole  or  in  part  is  permitted  for  any  purpose  of  the  United  States 
Gcverrment. 

This  document  has  been  ^^roved  for  public  release  and  sale;  its  distribution  is 
unlimited. 


o  on  ^ 


•CCUHtTV  CLASSIFICATION  Of  THIS  PAGE 


Cr  ^^0 


It.  H6FOAT  S6CUBITV  CLASSIFICATION 

Unclassified 


3a  SeCUAlTY  CLASSIFICATION  AUTHORITY 


REPORT  DOCUMENTATION  PAGE 


lb.  RESTRICTIVE  MARKINGS 


2b.  OECLASSIFICATION/OOWNGRAOING  SCHEDULE 


4  PERFORMING  ORGANIZATION  REPORT  NUMBERIS) 

Technical  Report  #24 


3.  DISTRIBUTION/AVAILABILITY  OF  REPORT 

Approved  for  public  release;  distribution 
unlimited. 


5.  monitoring  ORGANIZATION  REPORT  NUMBERIS) 


6a  NAME  OF  PERFORMING  ORGANIZATION  Bb.  OFFICE  SYMBOL  7*.  NAME  OF  MONITORING  ORGANIZATION 
„  .  I  l/T  applicable  I 

UNC  Chemistry  Dept.  Office  of  Naval  Research  (Cc 


Sc.  ADDRESS  (City.  Staff  and  ZIP  Codf) 

CB#  3290,  Venable  Hall 
University  of  North  Carolina 
Chanel  Hill.  NC  27599-3290 


S*.  NAME  OF  FUNOING/SPONSORING 
ORGANIZATION 

Office  of  Naval  Research 


Sc  address  (City.  Staff  and  ZIP  Code) 


Office  of  Naval  Research  (Code  413) 


7b.  ADDRESS  (City,  Siat9  and  ZiP  Coda) 

Chemistry  Program 
800  N.  Quincy  Street 
Arlington,  Virginia  22217 


Sb.  OFFICE  symbol  9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 
(It  appticcbla) 

Grant  #N00014-89-J-1178 


Chemistry  Program 

800  N.  Quincy  Street,  Arlington,  VA  22217 


10  SOURCE  OF  FUNDING  NOS. 


PROGRAM 

element  no. 


11.  TITLE  (mciuda  Sacurity  Ctaanfieation)  IN—SITU  ELLIPSO-^ 


12.  PERSONAL  AUTHOR(S)  ^ 

E.A.  Irene 


13a  type  of  report  13b.  TIME  COVERED 

Interim  Technical  from _  to _ 


IS.  supplementary  notation 


PROJECT 

TASK 

WORK  UNIT 

NO. 

NO. 

NO 

1 

14.  DATE  OF  REPORT  (Yr.  Mo..  Day) 

March  14,  1989 


15.  PAGE  COUNT 

27 


AN  IN-SITU  ELLIPSOMETRIC  STUDY  OF  AQUEOUS  NH^OH  TREATMENT  OF  SILICON 


17  C08ATI  COOES 


FIELD  I  GROUP  I  SUB.  OR. 


18.  SUBJECT  TERMS  (Continua  on  ravarga  if  naca$»ary  and  idantify  by  block  number) 


18.  abstract  rConlifiu#  on  ravarga  if  naeaaaary  and  idantify  by  block  number) 


Tn-situ  ellipsometry  at  a  wavelength  of  632. 8nm  is  used  to  analyze  silicon  surfaces 
in  an  aqueous  NH^H  ambient.  The  ellipsometric  data  indicate  that  a  surface  which  is 
optically  quite  similar  to  bare  Si  is  obtained  when  the  native  SlO-  film  is  etched  from 
a  Si  substrate  by  aqueous  NH^H.  In  contrast,  the  surface  obtained  by  etching  the  native 
oxide  in  aqueous  buffered  HF  leads  to  formation  of  a  residual  film  on  the  Si  substrate. 
Roughening  of  sample  surfaces  treated  with  either  aqueous  NH^OH  or  BHF  is  observed  by 
microscopy.  The  high  degree  of  roughness  obtained  following  NH^OH  treatment  appears  to 
influence  ellipsometric  measurements  on  samples,  but  this  influence  is  not  observed 
following  BHF  exposure  where  less  roughness  is  noted. 


30.  oistribution/availability  of  abstract 
UNCLASSIPIEO/UNLIMITEO  si  same  as  RPT.  □  OTIC  users  G 


33a  name  op  responsible  INDIVIDUAL 
Dr.  David  L.  Nelson 


21.  ABSTRACT  SECURITY  CLASSIFICATION 

Unclassified 


33b  TELEPHONE  NUMBER  32e  OFFICE  SYMBOL 

(Include  Area  Code) 

(202)  696-4410 


DD  FORM  1473,  83  APR 


EDITION  OF  1  JAN  73  IS  OBSOLETE. 


An  In-Situ  Ellipsometric  Study 
of 

Aqueous  NH« OH  Treatment  of  Silicon 


G.  Gould  and  E. A.  Irene 
Department  of  Chemistry  CB  3290 
University  of  North  Carolina 
Chapel  Hill,  North  Carolina  27599-3290 


Key  Words:  insulating  films,  silicon  dioxide  films,  chemical 


etching,  silicon  surfaces 


abstract 


t  ■ 


In-situ  ellipsometry  at  a  wavelength  of  £32.  Snin  ia  used 
to  analyze  silicon  surfaces  in  an  aqueous  NH* OH  ambient. 
The  ellipsometric  data  indicate  that  a  surface  which  is 
optically  quite  similar  to  bare  Si  is  obtained  when  the 
native  SiOt  film-  is  etched  from  a  Si  substrate  by 
aqueous  NH«OH.  In  contrast,  the  surface  obtained  by 
etching  the  native  oxide  in  aqueous  buffered  HP  leads  to 
formation  of  a  residual  film  on  the  Si  substrate. 
Roughening  of  sample  surfaces  treated  with  either 
aqueous  NH« OH  or  BHP  is  observed  by  microscopy.  The  high 
degree  of  roughness  obtained  following  NH* OH  treatment 
appears  to  influence  ellipsometric  measurements  on 
samples,  but  this  influence  is  not  observed  following 
BHP  exposure  where  less  roughness  is  noted. 
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INTRODUCTION 


The  successful  production  of  microelectronic  devices  from 
semiconductor  materials  requires  surface  preparation.  The  two  most 
important  elements  of  this  preparation  are  cleaning  and 
passivation.  For  the  case  of  silicon,  thermal  oxidation  is 
uniquely  effective  at  surface  passivation,  reducing  the  number  of 
surface  states  to  well  below  acceptable  levels  for  device 
operation.  While  successful  pre-oxidation  cleaning  procedures  for 
silicon  exist(l),  quantification  of  these  procedures  has  been 
rather  scarce(2-S).  In  previous  work(6>  both  in-situ  ellipsometric 
and  contact  angle  meSsurements  were  shown  to  be  useful  for 
quantification  of  cleaning  by  aqueous  HF.  These  techniques  enable 
measurements  of  a  sample  surface  to  be  performed  while  the  sample 
is  immersed  in  a  liquid  phase  ambient,  the  standard  cleaning 
environment  for  Si  used  for  microelectronics  processing. 

In  the  previous  work<6),  it  was  shown  that  the  silicon 
surface  was  covered  by  a  residual  film  following  HF  treatment. 
While  HF  is  an  aggressive  etchant  of  SiOt ,  it  is  an  extremely  mild 
etchant  of  Si (7).  When  Si  is  placed  in  aqueous  HF,  any  SiO«  is 
rapidly  etched  away,  but  a  denuded  silicon  surface  is  never 
exposed  due  to  formation  of  a  surface  film  rather  than  an  etchable 
oxide  film.  Typical  of  moat  metals(8),  the  bare  silicon  surface 
has  a  high  surface  energy (9 >,  thus  this  reactive  surface  will 
scavenge  any  species  in  order  to  lower  its  surface  energy.  Further 
indications  of  the  effects  of  HF  on  Si  surfaces  are  provided  by 
Auger (4)  and  XPS(IO)  analyses  of  Si  samples  which  indicate  higher 
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surface  carbon  content  as  a  result  of  HF  exposure.  Evidence  of  the 
effects  of  HF  on  Si  is  also  provided  by  reports  of  enhanced 
oxidation  rates  observed  on  HF  treated  Si (2-5). 

In  this  paper,  the  in-situ  ellipsometnc  technique  is  used  to 
study  a  silicon  surface  in  an  aqueoua  ammonium  hydroxide  ambient. 
Ammonium  hydroxide  is  chosen  because  it  is  known  to  etch  silicon 
at  a  much  faster  rate  than  HF,  which  should  enable  continuous 
creation  of  a  fresh  silicon  surface.  Through  ellipsometric 
measurement  the  creation  and  preservation  of  this  denuded  silicon 
surface  in  NH4 OH  can  be  monitored.  Comparison  of  ellipsometric 
parameters  obtained  by  in-situ  measurement  of  Si  surfaces  in 
aqueous  NH4 OH  to  those  obtained  in  buffered  HF  (BHF)  gives  further 
evidence  of  growth  of  a  residual  film  on  Si  following  HF  exposure. 

EXPERIMENTAL 

The  features  of  the  in-situ  ellipsometric  experiment  have 
been  presented  elsewhere(6),  so  many  of  the  details  of  this 
technique  will  not  be  repeated  here.  In  any  ellipsometric 
measurement,  the  two  parameters  4*  (amplitude  ratio)  and  ^  (phase 
difference)  for  the  reflected  light  are  always  determined  and  can 
be  used  to  calculate  optical  parameters  of  the  sample.  Assuming 
that  all  of  the  instrumental  parameters,  as  well  as  the  ambient 
refractive  index  are  known,  the  thickness  of  a  film  on  a  substrate 
can  be  determined  if  the  refractive  indices  of  the  substrate  (Ma) 
and  film  (fig)  are  known,  or  both  the  real  (n)  and  imaginary  (ik) 
parts  of  the  complex  substrate  refractive  index  (Ma  with  the  form 
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n-ik)  can  be  determined  if  the  assumption  Is  made  that  no  film  la 
present  on  the  sample.  An  Abbe  Ref ractometer  with  an  accuracy  of 
±0. 0001  units  has  been  used  to  determine  refractive  Indices  for 
all  ambients  used  in  this  experiment,  the  angle  with  which  the 
light  Impinges  on  the  sample  la  determined  with  an  accuracy  of 
0.  Ol*’  from  a  calibrated  scale  on  the  elllpsometer  base  and  the 
refractive  Index  used  for  SIQ*  Is  1.465(11).  An  analysis  of 
systematic  error  In  these  parameters  was  carried  out  previously ( 6 ) 
and  It  was  shown  that  even  gross  errors  led  to  variations  of  less 
than  a  few  Angstroms  In  S10«  thicknesses. 

As  mentioned  earlier  NH« OH  Is  a  far  faster  etchant  of  silicon 
than  HP,  but  It  etches  SlQt  at  a  much  slower  rate  than  HP  does. 
Kern (12)  reports  an  etch  rate  of  0. 2anm/mln  for  SIO*  and  an  etch 
rate  of  over  2Snm/mln  for  both  <100>  and  <111>  orientations  of 
single  crystal  silicon  In  S:1  H«0:NH*0H  at  8S<*C.  To  verify  this 
result  and  test  the  feasibility  of  carrying  out  an  In-sltu 
experiment  using  ambient  aqueous  NH* OH,  the  following  trial  was 
performed.  Two  SI  substrates  of  <111>  orientation,  one  with  a 
gross  thermal  SlO#  film  of  approximately  200nm,  and  one  with  a 
native  oxide  film  of  approximately  2nm  were  placed  In  a  bath  of 
5:1  HaO:NH40H  at  8S^C  for  20  minutes.  Por  the  sample  with  the 
gross  oxide  film,  an  SlOa  etch  rate  of  0. 21nm/mln  was  calculated 
In  an  ex-sltu  manner  by  taking  elllpsometrlc  measurements  of 
thickness  In  an  air  ambient  both  before  and  after  the  20  minute 
etch.  It  was  evident  from  observation  of  vigorous  bubbling  on  the 
sample  with  the  native  oxide  film  that  there  would  be  a  problem 
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with  gas  evolution  at  the  Si  surface  if  a  heated  solution  of  NH* OH 
was  used.  There  was  no  gas  evolution  observed  on  the  sample  with 
the  gross  oxide  film,  so  the  bubbling  was  presumably  hydrogen  gas 
evolved  as  a  product  of  the  etch  of  Si.  Since  ellipsometry ,  as  it 
is  used  here,  is  a  reflection  technique,  the  evolution  of  gas 
bubbles  at  the  sample  surface  would  make  an  in-situ  measurement 
quite  difficult  because  the  incident  light  would  be  obscured  from 
the  surface  by  the  bubbles.  To  minimize  the  problem  of  gas  bubble 
formation  at  the  Si  surface,  a  room  temperature  solution  of 
aqueous  NH« OH  at  varying  concentrations  is  used  because  the 
reaction  of  the  Si  surface  and  NH« OH  is  slowed  at  this  reduced 
temperature.  Decrease  of  this  reaction  rate  reduces  the  evolution 
of  gas  at  the  sample  surface  and  enables  an  in-situ  measurement. 
The  reduction  of  the  solution  temperature  causes  a  decrease  in  the 
SiOt  etch  rate  but  the  time  needed  to  etch  through  the  SiOt  can  be 
minimized  by  starting  with  Si  samples  covered  only  by  a  native 
oxide.  It  is,  however,  imperative  that  the  solution  used  for  the 
experiment  have  a  nonzero  etch  rate  for  SiOt  in  order  to  expose 
the  Si  substrate. 

The  samples  employed  for  the  in-situ  ellipsometric 
measurements  are  two  inch  diameter  p-type  <100>  oriented  single 
crystal  silicon  wafers  that  are  cleaved  into  quarters  to  fit  in 
the  in-situ  cell.  With  the  exception  of  this  sectioning,  the 
wafers  are  used  as  received  from  the  vendor  with  an  initial  native 
oxide  film  of  1.9nm  in  thickness.  The  quartz  cell  is  first  filled 
with  the  etch  solution  and  then  the  sample  is  immersed  and  fixed 
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in  place.  Null  elllpsometric  measurements  are  taken  at  periodic 
time  Intervals  and  after  the  elllpsometric  measurables  cease  to 
change  (that  Is,  after  the  calculated  film  thickness  ceases  to 
vary  significantly  In  successive  measurements),  the  solution  Is 
displaced  by  flushing  the  cell  with  pure  deionized  water.  Both  the 
Initial  etch  of  SiQ»  and  the  native  SiO»  film  formation  after 
flushing  the  cell  are  monitored  elllpsometrlcally  by  calculation 
of  the  SlQt  film  thickness. 

RESULTS 

The  oxide  thickness  vs.  time  data  for  ambient  5:1  HtQ:NH40H 
la  shown  In  Figure  1.  As  anticipated,  the  oxide  thickness 
decreases  slowly,  at  less  than  Q.02nm/mln,  as  shown  by  the  initial 
circles.  A  minimum  thickness  of  0. 06nm  is  obtained  84  minutes  into 
the  experiment  and  the  thickness  apparently  increases  on 
subsequent  measurements.  Fallowing  exposure  for  Just  over  three 
hours  in  5:1  H1O/NH4OH,  no  further  change  is  observed  in  the 
thickness  vs.  time  data  between  successive  measurements.  At  this 
time  the  ambient  etch  solution  is  displaced  by  pure  water  without 
exposing  the  sample  surface  to  air.  This  event  is  indicated  in 
Figure  1  by  the  vertical  line  at  190  minutes  and  ellipsometric 
measurements  after  this  show  oxide  regrowth  in  HtO. 

Etch  time  vs.  oxide  thickness  data  was  also  collected  for  2:1 
Ht0/NH40H  and  concentrated  NH4 OH  etch  solutions.  The  results  are 
similar  in  that  a  minimum  oxide  thickness  quite  close  to  0  is 
calculated,  followed  by  an  apparent  increase  in  oxide  thickness. 
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The  only  significant  difference  is  that  the  concentrated  NH40H 
solution  requires  over  three  hours  to  etch  the  native  SlOt  film  as 
compared  to  Just  one  hour  for  the  S:1  and  2:1  H«0/NH«0H.  The 
concentrated  NH* OH  contains  less  water,  so  the  slower  etch  rate 
for  SiOt  in  concentrated  NH* OH  must  be  attributable  to  the 
decrease  in  the  concentration  of  water  In  the  etch  solution.  This 
points  to  the  importance  of  water  as  a  solvent  for  etch  products 
in  the  reaction  of  SiO«  and  NH*OH.  This  result  will  not  be 
discussed  further  and  since  the  different  concentrations  of  NH* OH 
behaved  similarly  with  regard  to  all  other  experimental  aspects, 
the  forthcoming  discussion  will  be  limited  to  the  5:1  HftO/NH*OH 
experiment  described  first. 

In  order  to  better  understand  the  data  of  Figure  1,  it  is 
helpful  to  analyze  the  raw  ellipsometric  data.  Figure  2A  is  a 
graph  of  the  ellipsometric  parameters  Y  and  ^  plotted  against  one 
another.  The  symbols  in  the  plot  correspond  to  the  Identical  '¥  and 
A  values  used  to  calculate  the  thicknesses  in  Figure  1  and  also 
shown  are  two  theoretically  calculated  curves.  The  theoretical 
curve  labelled  "Ambient  Aqueous  NH*OH''  is  composed  of  4',  A  values 
for  increasing  SiOt  film  thickness  on  a  Si  substrate  under  the 
specific  ambient  refractive  index,  angle  of  incidence  and 
wavelength  of  light  conditions  used  for  the  measurement.  The  arrow 
pointing  to  the  top  of  the  "Ambient  Aqueous  NH*OH"  curve  indicates 
the  theoretically  calculated  'V,  A  point  corresponding  to  a  bare  Si 
substrate  or  zero  oxide  thickness  on  a  Si  substrate.  As  the  SiOt 
film  thickness  increases  from  zero,  'i'  and  A  progress  in  such  a 
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manner  to  trace  the  solid  line.  In  other  words,  as  'V  increases  and 
^  decreases  from  i. 1®  and  171®  respectively  it  is  indicative  of 
increasing  oxide  thickness.  Since  ellipsometry  is  sensitive  to  the 
ambient  refractive  index  and  pure  water  has  a  different  refractive 
index  than  5:1  a  second  theoretical  curve  is  derived  to 

relate  the  raw  data  for  ambient  water.  The  curve  labelled  "Ambient 
Water"  has  zero  oxide  thickness  values  for  and  ^  similar  to  the 
ambient  ammonium  hydroxide  curve  and  Increasing  oxide  thickness 
occurs  with  increasing  'i'  and  decreasing 

The  circles  in  Figure  2A  correspond  to  measurements  taken 
while  5:1  H«Q/NH«QH  is  present  and  the  initial  points  progress 
from  the  center  of  the  plot  up  toward  the  top  (decreasing  i*  and 
increasing  The  progression  in  this  direction  corresponds  to 

etching  of  the  SiOt .  From  Figure  1,  the  initial  oxide  thickness  is 
about  1.9nm.  The  oxide  thickness  decreases  to  0. 06nm  and  then  the 
apparent  increase  in  oxide  thickness  is  observed.  The  data  that 
are  obtained  after  the  minimum  thickness  but  before  the  etch 
solution  is  displaced  (between  90  and  190  minutes  in  Figure  1)  are 
shown  as  darkened  circles  in  Figure  2A.  When  these  't,  ^  values  are 
used  to  calculate  oxide  thicknesses,  it  appears  that  an  increase 
in  SiOi  film  thickness  takes  place.  It  is  believed  that  these 
points  are  indicative  of  something  other  than  SiO*  growth  and 
further  analysis  of  these  particular  points  will  be  provided  later 
in  this  paper.  When  the  etch  solution  is  displaced  by  water,  the 
experimental  points  shift  onto  the  "Ambient  Water"  curve  as  shown 
by  the  triangles.  These  experimental  values  progress  down  the 
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curve,  toward  increasing  oxide  thickness  as  the  native  SiOt  film 
reforms.  The  most  important  feature  of  Figure  2A  is  the  proximity 
of  the  calculated  zero  oxide  thickness  value  to  tne  point 
corresponding  to  the  experimental  minimum  oxide  thickness.  This 
proximity  is  evidence  for  the  creation  of  a  denuded  Si  surface  in 
aqueous  NH«QH. 

A  comparison  of  the  raw  't,  ^  data  obtained  in  an  aqueous 

NH* QH  ambient  to  similar  data  (Figure  2B)  obtained  in  an  aqueous 
buffered  HF  ambient  illustrates  the  fact  that  a  bare  Si  surface  is 
not  produced  in  ambient  HF.  As  in  Figure  2A,  this  graph  consists 
of  experimental  points  and  two  theoretical  curves.  The  theoretical 
curve  labelled  "Ambient  BHF"  is  calculated  for  the  buffered  HF 
etch  solution  <1000:100:0.8  Ht0/NH«F/HF>  and  the  calculated  'V,  ^ 
point  for  a  bare  Si  substrate  for  the  specific  conditions  used  for 
BHF  etch  is  indicated  by  the  arrow  which  points  to  the  top  of  this 
curve.  The  theoretical  curve  labelled  "Ambient  Water"  is 
calculated  for  pure  water.  Due  to  the  cell  alignment  procedure 
described  previously  (6),  the  angle  of  incidence  used  in  Figure  2B 
varies  slightly  from  that  used  in  Figure  2A  and  thus  the  "Ambient 
Water"  curves  in  the  two  plots  are  not  identical.  The  angle  of 
incidence  in  Figure  2A  is  70. 33**  and  in  Figure  2B  this  angle  is 
70.45**.  The  experimental  points  (circles)  of  Figure  2B  begin  at 
the  bottom  of  the  graph  close  to  the  BHF  ambient  line  and  progress 
with  decreasing  and  increasing  indicative  of  etching  of  the 
SiOa  film.  The  conspicuous  difference  between  Figures  2A  and  2B  is 
that  the  experimental  points  for  the  aqueous  BHF  ambient  (Figure 
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2B)  never  closely  approach  the  calculated  zero  oxide  thickness 
point.  For  this  experiment,  no  data  points  were  ever  obtained 
closer  to  the  zero  oxide  thickness  value  than  8®  and 

and  the  sample  was  left  in  the  BHF  solution  for  almost  4  hours,  at 
which  time  successive  measurements  did  not  vary.  As  in  Figure  2A, 
there  was  an  apparent  increase  in  oxide  thickness  following  the 
minimum  SiOt  thickness  and  the  measurements  that  were  taken  after 
the  minimum  are  indicated  by  the  darkened  circles  in  Figure  2B. 
Comparison  of  this  apparent  increase  with  the  same  behavior  in 
aqueous  NH« OH  provides  valuable  information  and  this  issue  will  be 
discussed  later  in  the  paper.  After  displacement  of  the  etch 
solution  by  pure  water,  experimental  points  fall  near  the 
theoretical  curve  labelled  "Ambient  Water"  and,  over  time,  these 
points  progress  in  the  direction  of  increasing  oxide  thickness. 
Since  the  graphs  in  Figures  2A  and  2B  are  plotted  on  identical  't 
and  ^  scales  It  Is  apparent  that  the  ambient  aqueous  NH* OH  yields 
a  surface  that  Is  much  closer  to  that  of  bare  SI  than  the  surface 
yielded  by  ambient  BHF  because  Figure  2A  shows  a  closer  approach 
of  experimental  values  to  the  expected  bare  51  values. 

The  4'-^  plots  of  Figures  2A  and  2B  give  a  qualitative 
Indication  of  the  existence  of  a  bare  silicon  surface  In  aqueous 
NH* OH  ambient  as  compared  to  the  surface  In  BHF  ambient.  A 
quantitative  comparison  of  these  surfaces  Is  provided  when  the 
complex  substrate  refractive  Index  la  calculated  from  the 
elllpsometrlc  parameters  by  assuming  that  no  film  la  present  on 
the  sample  surface.  These  calculated  values  can  be  compared  to  an 


accepted  value  of  3.865-O.Oiai  which  is  derived  from  data  in 
Reference  13  for  the  complex  index  of  silicon.  Complex  substrate 
refractive  indices  are  calculated  for  sample  surfaces  from  the  '¥ 
and  A  values  that  gave  the  minimum  SiOa  thickness  because  the  best 
agreement  with  the  accepted  value  is  always  obtained  at  minimum 
film  thickness.  For  ambient  aqueous  NH* OH  a  value  of  3.868-0.019: 
is  obtained  and  a  value  of  3.862-0.031:  results  for  ambient  BHF. 
The  agreement  in  the  real  part  of  the  index  is  quite  good  in  both 
cases,  but  the  imaginary  part  of  the  index  for  the  NH« OH  etched 
sample  is  only  &%  different  from  the  imaginary  part  of  the 
accepted  value  as  compared  to  72%  different  for  a  BHF  etched 
sample.  It  should  be  recognized  that  the  results  of  these 
calculations  inherently  agree  with  the  qualitative  results  seen  in 
Figures  2k  and  2B  because  the  same  'i  and  ^  data  were  used  in  both 
calculations,  but  the  quantitative  nature  of  the  comparison  adds 
more  validity  to  the  argument  that  bare  silicon  originates  in 
NH.  OH. 

To  this  point,  the  data  collected  has  only  been  analyzed  with 
respect  to  how  closely  the  surface  produced  by  etching  in  these 
ambients  resembles  bars  silicon.  More  information  about  the  effect 
of  these  etching  ambients  can  be  obtained  by  a  closer  inspection 
of  the  ellipsometric  data  collected  while  the  etch  solution  was 
still  present  but  after  the  minimum  thickness  was  obtained.  The 
region  in  4',  ^  space  in  which  the  darkened  circles  of  Figures  2A 
and  2B  fall  can  be  indicative  of  film  growth  on  the  Si  substrate. 
Though  film  growth  after  attainment  of  minimum  oxide  thickness  has 
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be»n  observed  for  etch  of  SiQ,  films  in  HF(6),  there  are  some 
important  distinctions  to  be  made  between  the  use  of  HF  containing 
ambients  and  NH*  OH  ambients.  It  seems  unlikely  that  any  films 
could  grow  on  the  Si  surface  in  aqueous  NH* OH  because  it  is  a 
rapid  etchant  of  Si.  The  exposed  Si  surface  is  quite  reactive,  but 
silicon  is  constantly  stripped  from  the  surface  in  this  basic 
medium,  while  in  HF  the  Si  is  only  mildly  attacked,  enabling 
formation  of  a  residual  film.  Further  evidence  of  the  different 
behavior  in  NH*  OH  is  given  by  the  trajectory  of  the  'H,  ^  data.  In 
the  previous  study,  the  film  growth  in  ambient  HF  was  evidenced  by 
points  that  were  found  at  smaller  'i'  values  than  the  'if  value 
corresponding  to  the  minimum  thickness.  In  contrast,  for  ambient 
NH«OH,  the  ^  points  in  question  (darkened  circles  of  Figure  2A) 
are  at  larger  'i'  than  the  'V  value  corresponding  to  minimum 
thickness. 

A  better  explanation  for  the  apparent  increase  in  oxide 
tl.ickness  of  NH*  OH  etched  samples  is  roughening  of  the  Si  surface. 
Upon  removal  of  the  samples  etched  in  either  aqueous  BHF  or 
aqueous  NH« OH  from  the  sample  cell,  roughening  is  apparent  on  the 
sample  surfaces.  Analyses  of  the  surfaces  by  5EH  and  optical 
microscopy  with  Normarski  DIG  conclusively  identify  roughening. 
Figures  3A  and  3B  are  the  optical  micrographs,  taken  at  200X,  for 
sample  surfaces  after  exposure  to  NH* OH  and  BHF  respectively.  The 
micrographs  were  obtained  from  the  same  samples  from  which 
ellipaometric  data  was  collected  and  each  sample  was  subjected  to 
just  under  4  hours  in  the  etch  solution  followed  by  3  hours  in 
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pure  water.  There  la  a  greater  degree  of  roughening  evident  on  the 
sample  etched  in  aqueous  NH« 0H>  than  on  the  sample  etched  in 
buffered  HF  as  expected  due  to  the  fast  etch  rate  of  Si  in  aqueous 
NH« OH  relative  to  the  Si  etch  rate  in  BHF. 

Roughening  has  been  shown  to  have  an  effect  on  ellipsometr ic 
measurements ( 14 ) ,  so  the  data  in  Figure  2A  and  2B  must  be 
scrutinized  for  these  effects.  An  approximation  of  the  influence 
of  roughening  of  a  sample  surface  on  ellipsometric  measurements 
can  be  made  by  assuming  that  the  surface  consists  of  two 
components  with  different  refractive  indices.  One  component  is  the 
actual  substrate,  in  this  case  silicon  with  an  index  of  3. 865- 
O.OlSi,  and  the  other  component  consists  of  voids  which  are 
assigned  the  same  refractive  index  as  the  ambient  aqueous  NH* OH 
(1.3346-0. Oi  in  this  case).  Using  the  Bruggeman  effective  medium 
approximation ( IS ) ,  the  refractive  index  of  a  layer  of  a  given  void 
percentage  can  be  obtained.  This  refractive  index  can  then  be  used 
in  a  theoretical  calculation  of  the  resultant  ^  values 
corresponding  to  an  increase  in  the  thickness  of  this  film 
assuming  the  film  composition  remains  constant.  Table  1  is  a 
collection  of  such  calculations  performed  for  5,  10,  20,  30,  40 

and  50%  voids  at  thicknesses  of  O,  0.25,  0.50,  0.75  and  l.Onm  for 
the  exact  conditions  used  in  the  experiment  with  ambient  5:1 
H«0/NH«0H.  The  first  column  is  the  calculated  film  refractive 
index  for  a  varying  void  percentage  in  a  two  component  mixture. 

The  remaining  columns  are  the  theoretical  4'  and  ^  values  that 
would  be  obtained  for  various  thicknesses  of  a  layer  of  roughness 
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of  the  given  refractive  index.  It  should  be  noted  that  at  0 
thickness  the  'V  and  ^  values  are  the  same  regardless  of  the 
refractive  index  of  the  layer  because  no  film  is  present  and  that 
as  the  thickness  increases,  4*  always  increases  and  ^  always 
decreases. 

The  average  values  for  4'  and  ^  of  the  darkened  circles  in 
Figure  2A  are  1.067^  and  168. ISS^  respectively.  By  comparison  of 
these  values  with  the  A  values  obtained  in  Table  1,  it  is 
apparent  that  roughness  could  indeed  be  responsible  for  the  points 
Illustrated  by  the  darkened  circles.  From  the  table,  it  is  also 
evident  that  a  thin  film  of  large  void  percentage  and  a  thicker 
film  of  smaller  void  percentage  influence  4*  and  A  in  essentially 
the  same  manner.  The  exact  void  percentage  or  thickness  of  the 
roughness  layer  would  be  difficult  to  determine  for  the  specific 
sample  and  this  has  not  been  attempted.  It  is  quite  reasonable  to 
assume  that  both  the  void  percentage  and  the  layer  thickness  would 
be  constantly  changing  as  the  sample  surface  is  etched  by  the 
NH* OH  and  this  would  account  for  the  lack  of  closer  agreement 
between  the  values  in  Table  1  and  the  experimental  values. 

Coupling  the  microscopic  evidence  with  ellipsometric  evidence 
given  by  the  Bruggeman  analysis,  it  is  believed  that  the  apparent 
increase  in  thickness  obtained  between  90  and  190  minutes  in 
Figure  1  is  due  entirely  to  roughening  of  the  sample  surface  and 
not  film  growth. 

Since  roughness  was  also  observed  on  the  BHF  etched  sample, 
the  data  illustrated  by  the  darkened  circles  of  Figure  2B  should 
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b«  analyzed  to  datarmina  if  it  la  tha  result  of  roughness.  From 
Table  I  it  is  evident  that  roughness  can  not  give  rise  to  'H  values 
that  are  leas  than  tha  H/  value  which  corresponds  to  a  bare  Si 
substrate.  The  darkened  circles  of  Figure  2B  ( BHF  ambient)  fall  to 
the  right  of  the  theoretical  curve  which  is  at  smaller  'V  than  the 
'V  for  a  bare  substrate,  so  it  is  believed  that  these  points  are 
not  the  result  of  surface  roughening.  The  analysis  by  Fenstermaker 
and  McCrackin ( 14 )  revealed  that  small  amounts  of  roughening  had 
almost  no  effect  on  ellipsometric  calculations,  so  the  conclusion 
is  drawn  that  the  roughening  observed  in  BHF  ambients  does  not 
effect  the  ellipsometric  measurements  and  furthermore  that  the 
trajectory  of  the  'y,  d  points  obtained  after  the  minimum  thickness 
is  indicative  of  film  growth  on  the  Si  surface  as  determined  in 
earlier  work(6). 

CONCLUSIONS 

In-situ  ellipsometry  has  been  used  to  monitor  the  etch  and 
regrowth  of  native  SiOt  from  Si  substrates  in  aqueous  NH* OH  and 
compared  with  similar  data  obtained  in  ambient  aqueous  buffered  HF 
solutions.  It  has  been  demonstrated  that  the  use  of  ambient 
aqueous  ammonium  hydroxide  for  removal  of  SiOi  films  from  silicon 
substrates  allows  creation  of  a  denuded  silicon  surface. 

Comparison  of  raw  'i',  ^  data  for  ambient  NH*  OH  with  raw  data  for 
ambient  BHF,  illustrates  that  the  'i',  ^  data  collected  using 
ambient  NH*  OH  approaches  the  expected  'i',  ^  values  for  bare  Si 
significantly  more  closely  than  the  raw  data  collected  for  ambient 
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BHF.  When  the  same  'V,  ^  data  Is  used  to  calculate  both  components 
of  the  complex  refractive  Index  assuming  that  the  sample  is  a  bare 
substrate,  the  agreement  with  the  accepted  values  for  silicon  is 
best  for  ambient  aqueous  NH4QH. 

In  both  BHF  and  NH* OH  ambients  the  raw  ellipsometric  data 
diverge  from  their  closest  approach  to  the  expected  'V,  A  values 
for  a  bare  Si  substrate  before  the  etch  ambient  is  displaced.  The 
trajectories  of  these  divergences  differ  in  the  two  ambients  used. 
It  was  determined  that  surface  roughening  was  responsible  for  this 
outcome  in  ambient  NH4 OH  and  optical  microscopy  verifies  the 
presence  of  severe  surface  roughness.  Less  roughness  on  the  BHF 
etched  sample  was  detected  microscopically  and  the  'V,  A  trajectory 
in  this  data  could  not  be  explained  by  roughness.  It  was  concluded 
that  the  roughening  was  not  enough  to  influence  the  ellipsometric 
data  and  that  the  diverging  if,  A  values  were  indicative  of  film 
growth  on  the  Si  surface.  It  is  important  to  note  that  it  is  not 
the  intention  of  this  study  to  purport  that  aqueous  NH4 OH 
constitutes  a  better  cleaning  treatment  than  BHF,  since  the 
roughening  induced  on  the  Si  surface  by  the  NH4 OH  could  render 
samples  treated  in  this  manner  useless  for  device  processing. 
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LIST  OF  FIGURES 


Figure  1:  Calculated  SiO*  thickness  vs.  time  in  5:1  H>0/NH*0H. 
Minimutn  thickness  of  O.  06nm  was  obtained  at  84  minutes  and  etch 
solution  was  displaced  by  pure  deionized  water  at  190  minutes  as 
shown  by  the  vertical  line. 

Figure  2A:  Raw  ellipsometric  data  for  aqueous  NH* OH  etch 
experiment.  Circles  represent  measurements  performed  while  etch 
solution  is  present  and  triangles  represent  measurements  performed 
while  pure  water  is  present.  The  filled  circles  are  data  collected 
after  the  minimum  thickness  value  was  obtained  but  before  the  etch 
solution  was  displaced.  Note  that  in  ambient  NH* OH  these  values 
are  all  at  larger  'i'  than  the  '¥  value  corresponding  to  a  zero  oxide 
thickness. 

Figure  2B:  Raw  ellipsometric  data  for  aqueous  BHF  etch  experiment. 
Circles  represent  measurements  performed  while  etch  solution  is 
present  and  triangles  represent  measurements  performed  while  pure 
water  is  present.  The  darkened  circles  represent  data  collected 
prior  to  etch  solution  displacement  but  after  minimum  oxide 
thickness  has  been  obtained.  It  should  be  noted  that  in  ambient 
BHF  these  values  all  lie  at  smaller  'V  than  the  value  for  4'  that 
corresponds  to  a  zero  oxide  thickness. 
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LIST  OF  FIGURES  (cont) 


Figure  3A :  Optical  micrograph  of  surface  roughness  observed  on  a 
sample  etched  for  236  minutes  in  5:1  H*0/NH40H.  Magnification  is 
200X  and  Normarski  DIG  is  used. 

Figure  38:  Optical  micrograph  of  surface  roughness  observed  on  a 
sample  etched  for  220  minutes  In  1000:100:0.8  Ht0/NH4F/HF. 
Magnification  is  200X  and  Normarski  DIG  Is  used. 
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Table  1:  Effect  of  Surface  Roughness  on  'V  and  ^ 
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